In the Arabidopsis root meristem, polar auxin transport creates a transcriptional auxin response gradient that peaks at the stem cell niche and gradually decreases as stem cell daughters divide and differentiate [1] [2] [3] . The amplitude and extent of this gradient are essential for both stem cell maintenance and root meristem growth [4, 5] . To investigate why expression of some auxin-responsive genes, such as the essential root meristem growth regulator BREVIS RADIX (BRX) [6] , deviates from this gradient, we combined experimental and computational approaches. We created cellular-level root meristem models that accurately reproduce distribution of nuclear auxin activity and allow dynamic modeling of regulatory processes to guide experimentation. Expression profiles deviating from the auxin gradient could only be modeled after intersection of auxin activity with the observed differential endocytosis pattern and positive autoregulatory feedback through plasma-membrane-to-nucleus transfer of BRX. Because BRX is required for expression of certain auxin response factor targets, our data suggest a cell-type-specific endocytosis-dependent input into transcriptional auxin perception. This input sustains expression of a subset of auxin-responsive genes across the root meristem's division and transition zones and is essential for meristem growth. Thus, the endocytosis pattern provides specific positional information to modulate auxin response.
In the Arabidopsis root meristem, polar auxin transport creates a transcriptional auxin response gradient that peaks at the stem cell niche and gradually decreases as stem cell daughters divide and differentiate [1] [2] [3] . The amplitude and extent of this gradient are essential for both stem cell maintenance and root meristem growth [4, 5] . To investigate why expression of some auxin-responsive genes, such as the essential root meristem growth regulator BREVIS RADIX (BRX) [6] , deviates from this gradient, we combined experimental and computational approaches. We created cellular-level root meristem models that accurately reproduce distribution of nuclear auxin activity and allow dynamic modeling of regulatory processes to guide experimentation. Expression profiles deviating from the auxin gradient could only be modeled after intersection of auxin activity with the observed differential endocytosis pattern and positive autoregulatory feedback through plasma-membrane-to-nucleus transfer of BRX. Because BRX is required for expression of certain auxin response factor targets, our data suggest a cell-type-specific endocytosis-dependent input into transcriptional auxin perception. This input sustains expression of a subset of auxin-responsive genes across the root meristem's division and transition zones and is essential for meristem growth. Thus, the endocytosis pattern provides specific positional information to modulate auxin response.
Results and Discussion
Differential distribution of auxin by polar auxin transport (PAT) regulates cellular characteristics such as proliferation, elongation, and differentiation and depends on nonuniform (polar) plasma membrane localization of PIN-FORMED (PIN) auxin efflux carriers [1] . Along the root meristem, PAT creates an auxin response gradient, which peaks at the stem cell niche and decreases as stem cell daughters proliferate in the meristematic zone [2, 3] . Their eventual differentiation and elongation are timed by complex dynamic hormone pathway crosstalk in the so-called transition zone, which creates a developmental window in young roots to permit meristem growth [4] [5] [6] . The BREVIS RADIX (BRX) gene is essential for this process and is expressed in developing vasculature, mainly in the protophloem [6, 7] . In brx mutants, suspended meristem growth coincides with diminished auxin response as BRX limits auxin-responsive transcription, likely through modulation of auxin response factor (ARF) activity and downstream effects on brassinosteroid levels [6, 7] . Interestingly, BRX is itself auxin responsive and targeted by the ARF MONOPTEROS (MP). Paradoxically, however, the expression profile of BRX as well as other MP targets does not always follow the described auxin response gradient across the meristematic and transition zones [6] ( Figure 1A ). In this study, we combined experimental and modeling approaches to investigate this phenomenon.
In a first step, we created a cellular-level Arabidopsis rootmeristem model, centered across the two protophloems, where BRX expression is most prominent and robust. Throughout our study, confocal microscopy allowed unequivocal identification of the protophloem strands as a result of their unique cell wall staining characteristics after modified pseudo-Schiff propidium iodide and/or propidium iodide staining [6, 8] and because of their distinct morphology as compared to the xylem strands (see Figure S1A available online). Because the phloem poles are not planar, a slightly curved plane through a serial stack of confocal sections was extracted using a Bé zier surface. Its segmentation rendered a two-dimensional model of cellular structure ( Figure 1B) , from which an idealized variant was derived ( Figure 1C ) (see Supplemental Experimental Procedures for model details). The model's PAT topography after incorporation of the previously reported PIN distribution [9] dynamically recreated the stem cell niche auxin maximum and gradient once steady state was reached after feeding auxin through the vasculature (Figure 1C ; Movie S1A). However, modeled cellular auxin concentration gradually increased toward the elongation zone, a feature that had not been observed previously [9] . Gradually increased auxin concentration toward the elongation zone was also not observed in auxin measurements [2] ; however, because the modeled relative increase is comparatively small, this could reflect the limited cellular and technical resolution of this approach. Recreation of a grid model similar to Grieneisen et al. [9] reproduced this feature if the parameter of the ratio between passive and active (PIN-mediated) auxin transport was adjusted ( Figure S1B ). To obtain a clearer picture of auxin activity across the meristem, we estimated it in vivo using the constitutively expressed fluorescent DII-VENUS reporter [10] . DII-VENUS is degraded upon auxin-triggered interaction with nuclear auxin receptors [11] [12] [13] , which are ubiquitously expressed throughout the root [14] . DII-VENUS abundance thus correlates inversely with cellular auxin activity and should reflect auxin concentration. Interestingly, experimentally observed DII-VENUS fluorescence intensity matched with our modeled auxin distribution pattern. An exception was the protophloem (and the protoxylem, which was however not considered separately in our model), where relative to neighboring tissue layers, increased auxin activity was indicated ( Figures  1D and 1E ; Figure S1C ). This experimental finding could be re-created by addition of the protophloem-specific auxin influx carrier AUXIN RESISTANT 1 (AUX1) [15] (Figure 1F ). Alternatively, the same effect could be obtained by increased bulk flow of auxin through the phloem, a phenomenon that is particularly prominent at later stages of seedling development, from 5 days after germination (dag) onward [16] . However, we did not consider this option because our model focused on undifferentiated cells and the earlier stage of root meristem growth at 3 dag. The model was robust across a parameter range and re-created the experimentally observed auxin activity distribution landscape at cellular resolution (Movie S1B). The only tissue where we found significant variation in relative DII-VENUS intensity between individual samples was the epidermis. This appeared to result from root bending consistent with differential lateral auxin fluxes due to gravitropism [17] . Notably, increasing epidermal auxin retention uni-or bilaterally through modulating lateral inward PIN abundance did not alter the relative auxin activity profile of the vascular tissue layers (Movies S3B and S3C). Thus, we kept relative auxin in the epidermis low in follow-up models, for better viewing of results but also consistent with a straight root and epidermal auxin measurements [2] .
Confirming the initial paradox, auxin activity distribution only partially matched the BRX transcription profile (Figure 2A) , suggesting a significant influence of other factors. To determine which conditions could create this profile, we added BRX transcription and the established regulatory influences that modulate it to our model. This included response to cellular auxin concentration, but also positive autoregulatory BRX feedback, which is required for maintenance of its own expression level and continuity [7] ( Figure 2B ). As could be expected, this dynamic model produced a BRX steady-state expression profile that followed auxin activity distribution, suggesting that additional factors must play a role. One important factor could be differential plasma membrane versus nuclear partitioning of BRX protein. Various experimental evidences suggest that BRX is a transcriptional coregulator; however, BRX is primarily plasma membrane associated [18, 19] . Passage by the plasma membrane appears to be obligatory for its nuclear activity, because BRX variants with disrupted plasma membrane targeting (either by N-terminal extension or by mutation of a nuclear export signal into a nuclear localization signal) could not rescue the brx mutant ( Figure 2C ). Thus, position-dependent plasma-membrane-tonucleus trafficking of BRX could introduce an asymmetry to its autoregulatory feedback. Plasma membrane abundance of constitutively expressed BRX-GFP fusion protein indeed varies along the developing protophloem and is accompanied by a corresponding gradient of nuclear activity [6] . When this position-dependent plasma-membrane-to-nucleus transfer rate was implemented, the modeled BRX expression profile approached the experimental one ( Figure 2E ; Movie S2A).
In our attempt to refine the model and transform BRX plasma membrane abundance into a dynamic parameter, documented endocytic recycling of BRX was of particular interest, because BRX nuclear import is trafficking dependent [19] . Pharmacological inhibition of BRX endocytosis by tyrphostin A23 treatment as well as coimmunoprecipitation of clathrin heavy chain suggests that endocytic recycling of BRX uses the clathrin-mediated pathway ( Figure 2F ; Figure 3A ) [20] . The latter can be inhibited by auxin [21] , which could thus be responsible for differential BRX plasma membrane abundance. The correlation with observed auxin activity was limited, however, as underlined by strong local discrepancies, notably in the quiescent center and the meristematic and transition zones (compare Figures 2A and 2D) . To estimate the degree of clathrin-mediated endocytosis in the developmental context of the root meristem, we monitored a constitutively expressed fusion protein of clathrin light chain and fluorescent CITRINE (CLC-CIT) . Surprisingly, CLC-CIT plasma membrane accumulation, which indicates endocytosis activity [20, 21] , varied considerably between root meristem cells in a pattern that overall did not match the expectation from auxin activity distribution ( Figure 2G ). For example, in the meristematic and transition zones, highest endocytosis activity was observed in developing protophloem ( Figure 2H ), unexpectedly concomitant with relatively higher auxin activity ( Figure 2I) . Also, endocytosis appeared to be particularly active in the quiescent center, the location of highest auxin levels [2, 9] . This pattern suggests that there may be no simple inverse correlation between endocytic activity and auxin concentration, with the caveat that it is unknown whether intra-and extracellular auxin levels correspond perfectly [22] . Unless a reliable method to determine apoplastic auxin concentration in situ is found, this question cannot be resolved. The profiles of modeled intra-and extracellular auxin based on observed PIN abundance are very similar [9] . This was also true once our parameters were implemented in the grid model (Figure S1D) , which is the reason why we did not explicitly model the apoplast. When our model was extended by auxin inhibition of endocytosis, this resulted in BRX internalization as early as in the early meristematic zone and rapid upregulation of BRX expression close to the quiescent center (Movie S2B). By contrast, endocytosis activity matched decreasing BRX plasma membrane abundance and increasing BRX expression (compare Figures 2D and 2I) . Moreover, CLC-CIT displayed polarized plasma membrane association in protophloem ( Figure 2H ), similar to BRX [19] , and both endocytosis activity and BRX expression decreased at the end of the transition zone. This is consistent with a dominant role of endocytosis for BRX autoregulatory feedback, which would also explain why meristematic BRX expression is mainly confined to protophloem.
We also sought to take into account that BRX plasma membrane dissociation can be transiently induced by auxin treatment [19] , which we confirmed biochemically ( Figure S1E ). Because blocking exocytosis of internalized BRX by brefeldin A treatment has the same effect [19] , the rate of endocytic recycling might determine the equilibrium between BRX plasma membrane redelivery and nuclear transfer. Consistent with this idea, BRX nuclear transfer could not be induced by auxin in cells with a low endocytosis rate as judged from CLC-CIT accumulation, i.e., in meristematic cells other than protophloem as opposed to differentiated cells [19] . The alternative idea that BRX localization could depend on auxin flux, suggested by increased BRX plasma membrane abundance upon PAT inhibition [19] , could not be verified, because auxin concentration and flux correlated closely in our model (Figure 3B) . Rather, similar PAT inhibition led to increased cellular auxin concentration ( Figure 3C ), thereby corroborating the inhibitory effect of high auxin on endocytosis. We thus conclude that auxin must primarily act on the nuclear transfer of internalized BRX, which was included in our model. In summary, our results point to a possibly dosage-dependent and bimodal auxin impact on endocytosis, where higher concentrations inhibit and lower concentrations permit or even promote endocytosis. However, such considerations could not dynamically link auxin and endocytosis activity in our model, suggesting that other, unknown factors could play an important role in setting up the endocytosis pattern. It also appears possible that there is low auxin in the apoplast of cells with high auxin uptake capacity (for instance, because of AUX1 activity) and thus high cellular auxin concentration. It is impossible at the moment to verify the degree to which apoplastic auxin determines the endocytosis pattern because of the technical limit of apoplastic auxin detection, but this might be a promising subject for modelers of auxin transport. Irrespective of these considerations, however, incorporating the endocytosis pattern into our model as a conditioner of auxin effects on BRX dynamically recreated the BRX expression profile (Figure 3D ; Movie S3A), not only in the longitudinal dimension but also across the phloem axis.
Because the DR5::GUS reporter, whose promoter consists of multimerized ARF binding sites and therefore monitors overall ARF activity [3] , is underexpressed in brx mutants, a prediction of our model was that its expression should be partly endocytosis dependent. Tyrphostin A23 treatment indeed affected DR5::GUS expression where endocytosis was active and BRX was expressed, notably around the quiescent center ( Figure 4A ). Moreover, activation of DR5::GUS expression by auxin induction was drastically diminished in the presence of tyrphostin A23, in particular in the transition zone (Figure 4B) . To determine whether endocytosis, through BRX, affects individual auxin-response genes in a generic or specific manner, we monitored reporter gene expression of experimentally confirmed ARF targets, ARABIDOPSIS THALIANA HOMEOBOX 8 (ATHB8), TARGET OF MONOPTEROS 5 (TMO5), and TMO7 [23, 24] , in a brx mutant background. Interestingly, whereas ATHB8 and TMO7 were not visibly affected ( Figure 4C-D) , TMO5 expression was strongly reduced specifically in the meristematic and transition zones of brx meristems ( Figure 4E ). Because TMO5 is mainly expressed in developing xylem in the meristematic zone ( Figures 4F-4H ), this might in part reflect previously described non-cell-autonomous action of BRX [6] . However, it could also be due to direct regulation, because low levels of BRX expression have been observed in meristematic protoxylem [6] , and because from the (vascular) transition zone onward, TMO5 starts to be expressed throughout the vascular cylinder ( Figure 4H; Figure S1F) . Finally, consistent with its BRX and thus presumably endocytosis dependence, TMO5 expression was significantly affected by tyrphostin A23 treatment, unlike TMO7, ATHB8, or a housekeeping gene (Figures 4I-4K) .
In summary, the results from our combined experimental modeling approach support the idea that clathrin-mediated endocytosis directly influences auxin-responsive gene expression through regulation of nuclear BRX abundance. Because endocytosis activity is not uniform throughout the root meristem, this splits transcriptional auxin perception and sustains expression of selected genes across the division and transition zones to drive meristem growth. Thus, the endocytosis pattern provides positional information to interpret the auxin gradient, thereby extending the action spectrum of this hormonal cue.
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Supplemental Information includes one figure, Supplemental Experimental Procedures, and three movies and can be found with this article online at doi: 10 (I and J) GUS staining patterns for the TMO5 and TMO7 reporters after mock or tyrphostin A23 treatment (30 mM, 30 min.) at 3 days after germination. Note that TMO5::GUS is oriented such that the protophloem plane is viewed, i.e., compared to Figure 1A or Figure 4E , only one protoxylem strand is visible.
(K) Ratio of transcript abundance between tyrphostin A23 treatment (30 mM, 30 min) and mock treatment as determined by qPCR (two technical replicates for each of three biological replicates, i.e., n = 6; 3-day-old roots) for TMO5, ATHB8, and the housekeeping gene elongation factor 1 (EF1). Error bars indicate standard errors; NS, not significant.
